The seedlings are sensitive to fire, browsing, and drought (which retards their distribution and regeneration). Increasing cattle populations also threaten the species as areas are deforested for grazing (Volker and Ross, 2011) and herdsmen regularly lop A. africana to feed their cattle. As a result of these threats, Afzelia species are considered endangered (A. africana) (IUCN, 2011) and vulnerable (A. pachyloba and A. bipidensis) (Donkpegan et al., 2015) .
There have been previous studies on the species such as comparative foliar epidermal morphology (Kadiri and Olowokudejo, 2008) , impact of land use types on population structure and extent of bark and foliage harvest (Nacoulma, 2011) , potentials of vegetable oil production (Igwenyi, 2011) , regeneration and seedling survival constraints (Ouédraogo et al., 2006) , characterization of nutritive value, chemical composition (Ouédraogo-Koné et al., 2008) , medicinal properties (Akinpelu et al., 2008) , and ethnobotanical usefulness of the species (Burkil, 1985) . However, information on the genetic diversity of Afzelia is limited, especially within tropical Africa with the exception of Donkpegan et al. (2015) . Therefore the need to evaluate species identification using the genetic marker rbcL to aid conservation management is imperative. In this study, we adopted the DNA barcoding techniques as the current and most reliable means of conservation. This technique has been in practice for over a decade; the idea has been gaining popularity among the scientific community to successfully and accurately identify species based on a globally accepted barcode region. For identification of animals, DNA barcoding has yielded great success and has proven a 98% success based on the mtcoxI region (Hebert et al., 2003 Hogg et al., 2004; Barret et al., 2005) . However, this approach has suffered a setback in plant identification as a single valid barcode region has not yet been found. This has prompted the barcoding community to discuss and pursue the need to identify an ideal universal barcode region for all land plants (Chase et al., 2005; Kress et al., 2005; Cowan et al., 2006; Newmaster et al., 2006; Kress and Erickson, 2007) . Based on this, the CBOL (barcode of life) working group proposed the two loci rbcL+matK as a core barcode region.
Since then, most studies have been on the combined locus; the variability and utility of a single barcode region remain unexplored. In our study we present the utility of the rbcL region (one of the proposed regions for plant barcoding) in its performance to accurately identify Nigerian Afzelia species and elucidate the relationships that exists among species.
Materials and methods

Sampling
Samples were collected from the wild and identified using keys from floras such as Hutchinson and Dalziel (1954) , Keay (1989) , and others obtained from the Forestry Herbarium Ibadan (FHI). Details of the source of samples are given in Table 1 .
DNA extraction
Genomic DNA was extracted following the modified 2X CTAB protocol described by Doyle and Doyle (1987) . This was isolated from approximately 0.0180 g of herbarium leaf samples, which were ground with 2 tungsten carbide beads in a 2-mL Eppendorf tube using a bead beater at 30 Hz for 45 s. Upon completion, the beads were removed and 800 µL of prewarmed 2X CTAB buffer was pipetted into the tubes and incubated for 1 h with occasional inversion at 5-10 min intervals. Afterwards, they were centrifuged at 13,000 rpm for 3 min and the aqueous upper phase was carefully transferred into a clean 1.5-mL Eppendorf tube; an equal volume of SEVAG was then added and the resulting mixture was mixed well to obtain an emulsion and centrifuged at 13,000 rpm for 5 min. The upper layer was again carefully transferred into another clean 1.5-mL Eppendorf tube and the chloroform extraction phase was repeated while the aqueous phase was transferred into a clean 1.5-mL screw cap tube. Upon centrifugation, 0.08 volumes of cold 7.5 M ammonium acetate and 0.54 volumes (using the combined volume of aqueous phase and added AmAc) of cold propan-2-ol were added, mixed, and kept in the freezer for 1 week to precipitate the DNA. Afterwards, the samples were centrifuged at 13,000 rpm for 15 min to form a pellet. The liquid was carefully poured out and 700 µL of cold 70% ethanol was then added to the tubes, which were mixed and allowed to stand for a few minutes. The tubes were centrifuged, the liquid was pipetted off, and the ethanol phase was repeated to remove the remaining contaminants. The dry pellets were dried in a CentriVap at 35 °C and samples were resuspended in 100 µL of TE buffer overnight. Resultant DNA samples were stored at -20 °C for subsequent use. A polymerase chain reaction (PCR) was performed in 50-µL reaction mixtures containing 25 µL of biomix, 1 µL of BSA, 2 µL of DMSO, 1.75 µL of 10 µM of each primer, 17.5 µL of Millipore H 2 O, and 1 µL of 30-50 ng template DNA. Primer sequences used were obtained from the protocols proposed by the CBOL plant working group with a forward sequence rbcL 1F "ATGTCACCACAAACAGAAAC" and reverse rbcL 724R "TCGCATGTACCTGCAGTAGC". Amplifications were run on a Veriti 96-well thermal cycler with profile initial denaturing at 96 °C for 50 s, 30 cycles of denaturation at 96 °C for 50 s, annealing at 53 °C for 50 s, and extension at 72 °C for 2 min, and a final extension at 72 °C for 7 min. Each PCR product was run on 1% agarose gel stained with ethidium bromide and successful products were sent to Source Bioscience (UK) for bidirectional sequencing using the same primers used in PCR.
Barcoding analysis
This utilized sequence data based on the rbcL region and available rbcL Afzelia sequences downloaded from GenBank. Raw sequences were assembled and edited using SeqMan II, one of the programs of the Lasergene software package (DNASTAR, Inc.), and verified by a Blastn search on GenBank. The edited sequences were aligned using the multiple alignment Clustal W algorithm (Thompson et al., 1994) as implemented in MegAlign (Lasergene, DNASTAR, Inc.), with further manual adjustment. All aligned sequences were trimmed to be of equal lengths to allow comparison within the dataset. Genetic distances were calculated using the Kimura two parameters (K2P) distance method as implemented in MEGA 5.0 (Tamura et al., 2011) and intra-and interspecific genetic distances for species that were represented by more than one individual were calculated. To assess the barcoding gap, the level of divergence between and within species was calculated by pairwise analysis of sequences. Minimum interspecific distance was plotted against the maximum intraspecific distance as recommended by CBOL. To estimate the utility and reliability of barcode regions for accurate species discrimination, the "all species barcodes", "best match", and "best close match" functions of TAXONDNA were used (Meier et al., 2006) . This sequence comparison approach was performed on all the barcode data using uncorrected pairwise distance and a minimum 300-bp sequence overlap.
Tree-based analysis
Several tree-based methods were used to assess speciesspecific clusters. Neighbor joining (NJ) and UPGMA were conducted in MEGA 5.0 with the K2P model of nucleotide substitutions and node support of 1000 bootstrap replicates. Maximum parsimony was also conducted in PAUP with 100 random sequence addition and other default parameters; node support was obtained from heuristic searches of 1000 bootstrap replicates. Bayesian inference was conducted in Mr Bayes v3.1.2. MrModelTest was run to specify the best fit model nucleotide substitution with the Akaike Information criterion; the GTR model was chosen for the dataset (Nyalander, 2004) . Two independent runs with four Markov chains (one cold and three heated) run for 1,000,000 generations and each tree sampled every 1000th generation were performed. The first 250,000 samples trees were discarded as 'burn in' while the remaining trees were used to build a 50% majority rule consensus tree with posterior probability for nodes. In treebased analysis, genus identification was considered successful when the unknown sample formed a monophyletic group together with all members of a single genus, with bootstrap support of >70%. An equal strategy was applied for specieslevel identification (de Groot et al., 2011).
Results
PCR amplifications and DNA sequencing
One of the challenges of isolating DNA from herbarium specimens is the ability to get good quality DNA usable for further molecular analysis; however, in our study good quality DNA of high molecular weight was isolated and used for amplifications as given in Table 2 . Amplifications were successful with distinct bands and all samples were successfully sequenced with length of 701-768 bp with no indels. Afzelia species sequences available from GenBank were downloaded and included for the analysis as given in the Appendix. Our dataset comprised 14 sequences in 5 species characterized by 663 constant sites, 83 variable sites, and 54 parsimony informative sites.
Intraspecific and interspecific divergence
Estimation of genetic distance between and among species revealed a zero intraspecific distance within species while an overall mean distance of 0.002 was obtained between species. Our results reveal that the maximum intraspecific distance was equivalent to the minimum interspecific distance (Table 3) . Distribution of interspecific divergence between congeneric species and intraspecific variation revealed an overlap between both distances and hence no barcoding gap within species (Figure 1). 
Resolving power
Results of the best match and best close match of sequences performed on TAXONDNA are shown in Table 4 while  Table 5 has results of identification based on all species barcodes.
Tree-based analysis
Results obtained from tree-based analyses support the monophyly of the genus Afzelia with high support values (98%-100%). UPGMA analysis depicted a cluster of all species with their conspecifics at within 45%-98% bootstrap support with A. africana clustering with A. quanzensis at 42% support value (Figure 2 ). In contrast, NJ analysis (Figure 3 ) revealed a cluster of A. bella and A. pachyloba at distinct nodes with high support values while relationships among other Afzelia species are not well resolved. The maximum parsimony and Bayesian inference exhibited a congruent tree and a congruent topology (Figures 4-6) , also elucidating a similar relationship among Afzelia species.
Discussion
One of the important criteria for an ideal DNA barcode region is efficient recovery of good quality sequence data (CBOL Plant Working Group, 2009); based on this, our results revealed a 100% amplification and sequencing success corroborating previous studies on the rbcL loci due to its applicability across plants, easy and unambiguous alignment, high primer universality, and high sequence quality (Dong et al., 2014) . Based on the intraspecific and interspecific divergence, our results revealed between 0.000 and 0.001 intraspecific distance among species and their conspecifics and a mean interspecific distance of 0.002 ranging from 0.001 to 0.006; this depicts an overlap between intra-and interspecific divergence. Although the rbcL region has been used successfully in some studies (Meier et al., 2008; Bafeel et al., 2011 Bafeel et al., , 2012 Dong et al., 2014) to accurately identify species, this region could not accurately identify our understudied species. This could be due to the low variability of the rbcL region (Gao et al., 2010) . Hence rbcL is not a suitable barcode region to accurately identify Afzelia species. Table 3 . Analysis of interspecific and intraspecific divergence in rbcL sequences in Afzelia.
Species Intraspecific distance (%) Interspecific distance (%)
A. africana 0.000 0.001-0.004 Sequences without valid species name 0
Sequences with at least one sequence with an overlap of 300 base pairs 14
Correct identification according to "All Species Barcodes" 9 (64.28%)
Ambiguous according to "All Species Barcodes" 4 (28.57%)
Incorrect identification according to "All Species Barcodes" 1 (7.14%)
Species with no match closer than 3% 0 (0%) The results of TAXONDNA analysis depicted a higher percentage (57.14%) of ambiguous identification, owing to the near same genetic distance between Afzelia africana and A. quanzensis and likewise absence of conspecific sequences to A. bipidensis. However, A. pachyloba and A. bella were successfully distinguished due to their distances within the set 3% threshold frequency for an accurate identification. Likewise, the reliability of the rbcL region was further confirmed in all species barcode results, with a 64.28% correct identification; A. quanzensis was ambiguous while A. bipidensis was incorrectly identified due to the absence of a conspecific sequence. This further revealed the inaccurate resolving power of rbcL to discriminate species based on its low levels of species recovery (Burgess et al., 2011) .
The tree-based criterion corroborated the previous results with clustering of species and their conspecifics at distinct nodes with high support values according to de Groot et al. (2011) except for Afzelia africana and A. quanzensis, which revealed noncluster of species at a distinct node or cluster at a distinct node but with a low support value (UPGMA). A phylogenetic result supports the monophyly of the genus Afzelia and a congruent topology for MP and BI analysis. All members of the genus were clustered and differentiated from the other closely related genera Cynometra L. and Detarium Juss., members of tribe Detarieae. Although relationships between Afzelia africana and A. quanzensis were not well resolved, a rapidly evolving gene would help to elucidate the relationships existing between species and reveal a wider range of distances between and among species.
Afzelia species are one of the most valuable economically important tree species and are mostly exploited for their international wood market. This poses threats of varying degree on Afzelia species. Due to this, the reliable identification and discrimination of species is pertinent and crucial for the control of this tradable plant resource, contributing to the protection and maintenance of Afzelia species diversity. In conclusion, our study highlighted the utility of the rbcL gene region in identifying Nigerian Afzelia species as a single barcode region, which can be utilized by forest managers and logging companies to help efficient and accurate identification of the Nigerian Afzelia species. We suggest assessing the rbcL region and other barcode regions to accurately identify all the African Afzelia species. In addition, other highly evolving gene regions should be evaluated to shed more light on the relationships among Afzelia species so as to provide adequate information for the conservation and utilization of these species.
